Metastasis to the brain is a leading cause of cancer mortality. The current diagnostic method of gadolinium-enhanced MRI is sensitive only to larger tumors, when therapeutic options are limited. Earlier detection of brain metastases is critical for improved treatment. We have developed a targeted MRI contrast agent based on microparticles of iron oxide that enables imaging of endothelial vascular cell adhesion molecule-1 (VCAM-1). Our objectives here were to determine whether VCAM-1 is up-regulated on vessels associated with brain metastases, and if so, whether VCAM-1-targeted MRI enables early detection of these tumors. Early up-regulation of cerebrovascular VCAM-1 expression was evident on tumor-associated vessels in two separate murine models of brain metastasis. Metastases were detectable in vivo using VCAM-1-targeted MRI 5 d after induction (<1,000 cells). At clinical imaging resolutions, this finding is likely to translate to detection at tumor volumes two to three orders of magnitude smaller (0.3-3 × 10 5 cells) than those volumes detectable clinically (10 7 -10 8 cells). VCAM-1 expression detected by MRI increased significantly (P < 0.0001) with tumor progression, and tumors showed no gadolinium enhancement. Importantly, expression of VCAM-1 was shown in human brain tissue containing both established metastases and micrometastases. Translation of this approach to the clinic could increase therapeutic options and change clinical management in a substantial number of cancer patients.
Metastasis to the brain is a leading cause of cancer mortality. The current diagnostic method of gadolinium-enhanced MRI is sensitive only to larger tumors, when therapeutic options are limited. Earlier detection of brain metastases is critical for improved treatment. We have developed a targeted MRI contrast agent based on microparticles of iron oxide that enables imaging of endothelial vascular cell adhesion molecule-1 (VCAM-1). Our objectives here were to determine whether VCAM-1 is up-regulated on vessels associated with brain metastases, and if so, whether VCAM-1-targeted MRI enables early detection of these tumors. Early up-regulation of cerebrovascular VCAM-1 expression was evident on tumor-associated vessels in two separate murine models of brain metastasis. Metastases were detectable in vivo using VCAM-1-targeted MRI 5 d after induction (<1,000 cells). At clinical imaging resolutions, this finding is likely to translate to detection at tumor volumes two to three orders of magnitude smaller (0.3-3 × 10 5 cells) than those volumes detectable clinically (10 7 -10 8 cells). VCAM-1 expression detected by MRI increased significantly (P < 0.0001) with tumor progression, and tumors showed no gadolinium enhancement. Importantly, expression of VCAM-1 was shown in human brain tissue containing both established metastases and micrometastases. Translation of this approach to the clinic could increase therapeutic options and change clinical management in a substantial number of cancer patients. M etastasis, the spread of cancer from the primary tumor site to distant organs, remains one of the greatest hurdles in cancer therapy, and it is a leading cause of cancer mortality. Metastases represent the most common cancer in the brain, outnumbering primary brain tumors 10-fold, and 20-40% of all cancer patients will develop metastatic spread to the brain (1) . Clinically, brain metastases are diagnosed only when they are sufficiently large to be detected with imaging and prognosis is poor (2) . MRI is being used increasingly to detect brain metastases, and it has shown a significant increase in sensitivity over both computed tomography (CT) alone (3, 4) and PET/CT (5) for detection of small or asymptomatic metastases. However, the gold standard MRI technique of passive contrast enhancement relies on blood-brain barrier (BBB) breakdown, an approach that is more sensitive to later-stage metastases. Survival is typically of the order of a few months, even with treatment, most likely owing to the late stage of diagnosis. For patients with primary lung or breast cancer at high risk of brain metastasis, prophylactic whole-brain radiotherapy (WBRT) may be used to eliminate potential occult micrometastases. However, WBRT itself is associated with substantive adverse neurological effects and may be unnecessary in a significant number of patients. It has become clear, therefore, that one of the major limiting factors in the treatment of brain metastases is our inability to detect them early enough for therapy to be both appropriately prescribed and maximally effective. However, the potential benefit of earlier treatment will remain a hypothesis until diagnostic methods are developed that enable such a window of opportunity to be opened. Thus, the development of new methods for detecting the early stages of metastatic disease in the brain is critical.
The vascular endothelium of the brain plays an essential role in the maintenance of the brain microenvironment, and its functional phenotype is dynamically responsive to pathological stimuli. Many of the functions of the vascular endothelium are mediated by surface molecules, such as cell adhesion molecules (CAMs). These CAMs can be rapidly up-regulated in response to disease or injury, and they mediate leukocyte rolling, adhesion, and transmigration across the BBB (6). In particular, vascular cell adhesion molecule-1 (VCAM-1) has been shown to play an important role in leukocyte recruitment to the brain in neurological disease both in animal models and humans (7) (8) (9) (10) . We and others have previously shown a close association of tumor colonies with the existing cerebral vasculature both in murine models of brain metastasis and human postmortem brain tissue containing metastases (11, 12) . These findings suggest that activation of the vascular endothelium is likely to occur during metastasis development. Moreover, there is evidence to suggest that tumor cells use inducible CAMs to promote their adhesion to the vascular endothelium, and both VCAM-1 and E/P-selectin have been found to be up-regulated in lung and liver metastases (13) (14) (15) (16) . Based on these findings, we hypothesized that local up-regulation of VCAM-1 may occur in the very early stages of metastasis in the brain.
MRI has proved effective for both in vivo cell tracking and detection of molecular processes through the use of contrast agents comprised of microparticles of iron oxide (MPIO). These agents provide high sensitivity contrast owing to their potent superparamagnetic properties. This property has previously been used to track MPIO-labeled tumor cells in mouse models, thus enabling visualization of early metastasis distribution in the brain with sensitivity down to a single metastatic cell loaded with ∼50 pg iron at an imaging field strength of 1.5 T (17). Alternatively, conjugation of MPIO with targeting ligands enables their accumulation at sites where specific molecules are expressed (18) (19) (20) (21) (22) (23) (24) (25) . Importantly, the targeted MPIO are not taken up by endothelial cells and do not enter the brain, thus providing an endovascular biomarker for pathology within the brain. In particular, we have shown that, by conjugating anti-VCAM-1 antibodies to MPIO, we are able to detect VCAM-1 up-regulation on the cerebral endothelium with high sensitivity in vivo (19) . Our objectives, therefore, were to determine whether endothelial VCAM-1 is up-regulated in association with brain metastases, and if so, whether our VCAM-1-targeted MRI contrast agent could enable early detection of these tumors.
Results
No clinical signs were evident in any of the groups injected with 4T1 cells or in three out of four of the MDA231BR-injected mice; in the fourth animal, hind limb paralysis became apparent at day 20. Metastases were detected in the brains of all mice injected with 4T1 cells (Fig. 1) . The area encompassed by tumors at day 5 was considerably smaller than at days 10 and 13, and their location was predominantly intravascular (Fig. 1A) . By day 10, the tumor colonies were mostly found on the parenchymal side of the vascular endothelium (Fig. 1B) , and expansion occurred along the cerebral blood vessels between days 10 and 13 (Fig. 1C) . Metastases were distributed throughout the brain, with greater numbers found in the cerebellum, olfactory bulbs, and around the dentate gyrus. Strong endothelial VCAM-1 expression in 4T1-injected mice was shown immunohistochemically (Fig. 1D ) and frequently colocalized with metastases. Occasionally, VCAM-1 expression was observed in the absence of histologically detectable tumors. Colocalization of VCAM-1 and tumor colonies was confirmed by immunofluorescence; Fig. 1E shows the close association of VCAM-1-positive vessels (red) with a metastasis (green) at day 10, while Fig. 1F shows the spatial spread of VCAM-1 around a metastasis at day 13 encompassing endothelial and some glial expression.
In Vivo Detection of VCAM-1 Up-Regulation by MRI. VCAM-MPIO caused a marked MRI contrast effect evident as focal hypointense areas on T 2 *-weighted images throughout the forebrain, olfactory bulbs, and cerebellum ( Figs. 1G and 2 ). Spatial correspondence of MRI-detectable hypointensities with brain metastases detected immunohistochemically was clearly evident in some cases ( Fig. 1 G-I), although differences in spatial resolution between the two approaches and partial volume effects in the MRI data limit such assessment. Bound VCAM-MPIO were observed histologically in vessels either within or closely associated with tumor colonies ( Fig. 1 A-C, Insets). VCAM-MPIO-induced hypointensities were observed in 4T1-injected mice from the earliest time point studied, day 5, and increased markedly over time ( Fig. 2 A-C) . Little or no MPIO retention was detected in naïve animals injected with VCAM-MPIO (Fig. 2D ) or 4T1-injected mice administered with the control contrast agent, IgG-MPIO.
Quantitation of MRI and Immunohistochemistry Data. The volume of hypointensities on T2*-weighted images in VCAM-MPIOinjected animals increased significantly over time (P < 0.0001) (Fig. 3A) . VCAM-MPIO binding in 4T1-injected animals was significantly greater at all time points than the binding measured in naïve mice (day 5: P < 0.01, day 10: P < 0.0001, day 13: P < 0.001) (Fig. 3A) . Similarly, the volume of VCAM-MPIO-induced hypointensities at day 10 was significantly greater than the volume measured in IgG-MPIO-injected mice at day 10 (P < 0.0001) (Fig. 3A) . VCAM-MPIO binding in 4T1-injected animals increased approximately sevenfold between days 5 and 13 and was significantly greater at day 13 than both days 5 and 10 (P < 0.001) (Fig. 3A) . No significant difference was found between the volumes of hypointensity observed in 4T1-injected mice given IgG-MPIO and naïve mice injected with VCAM-MPIO.
Few metastases were detectable at day 5 immunohistochemically, but this increased over time (Fig. 3B) . Similarly, the mean tumor area (per millimeter squared brain area) at day 5 was very small, but it increased significantly over time (P < 0.05) and was significantly greater at both days 10 and 13 than day 5 (P < 0.05) (Fig. 3C ). Positive correlations were found between both the number and area of tumor colonies (per millimeter squared brain area) and the volume of MRI-detectable hypointensities (P < 0.05) ( Fig. 3 E and F) . Assessment of tumor colocalization with MRIdetectable hypointensities at day 10 indicated that, as the tumor volume (assessed histologically) increased, the likelihood of MRI detection increased; therefore, above the mean tumor size, 68% of tumors were positively identified by MRI, whereas below the mean, only 36% were successfully identified (Fig. 3D) . Similarly, immunofluorescence analysis showed that, above the mean tumor size, 65% of tumors were VCAM-1-positive, whereas below the mean, 43% were VCAM-1-positive (Fig. 3D ). At this time, the average tumor size was ∼760 cells, whereas the average metastasis positively correlated with both MRI and VCAM-1 expression was ∼1,300 cells; the smallest positively correlated tumor was ∼30 cells. VCAM-1 Expression in MDA231BR Brain Metastasis. At day 21 in the MDA231BR-injected mice, the mean tumor area (548 ± 117 μm 2 / mm 2 brain) was similar to the area measured at day 10 in the 4T1 model (680 ± 187 μm 2 /mm 2 brain). Again, binding of VCAM-MPIO was evident as focal hypointense areas on T 2 *-weighted images throughout the brain (Fig. 4) . Colocalization of the MRIdetectable hypointensities with immunohistochemical detection of both tumor colonies and VCAM-1 expression was evident (Fig. 4 B, C, and C1-C4). Quantitatively, the volumes of VCAM-MPIOinduced hypointensities in these animals lay between those volumes found at days 10 and 13 in the 4T1 model (1.92 ± 0.65 vs. 0.96 ± 0.04 and 4.16 ± 0.43 μL, respectively).
Comparison with Clinically Used Gd-DTPA Enhancement. No gadolinium-DTPA (Gd-DTPA) enhancement was found on T 1 -weighted images acquired from any of the 4T1-injected mice, indicating a lack of BBB breakdown (Fig. S1) . Similarly, no evidence of BBB breakdown was found in three out of four of the MDA231BR-injected animals (Fig. S1 ). In the fourth animal, which showed clinical symptoms at day 20, a single area of Gd-DTPA enhancement was found in the left motor cortex. Intense VCAM-MPIO contrast was also evident in this region but spatially distinct, indicating that the VCAM-MPIO were still endovascularly bound, whereas the Gd-DTPA had extravasated into the parenchyma (Fig. S2) . In this animal, other areas of VCAM-MPIO contrast were also evident elsewhere in the brain, with no concomitant Gd-DTPA enhancement (Fig. S2) . The dose of Gd-DTPA used in all of the above experiments was approximately six times the lowest clinical dose. Three animals injected intracardially with 4T1 cells were also imaged pre-and post-Gd-DTPA at a clinically relevant dose (57.4 mg/kg) on day 10. As with the higher Gd-DTPA dose, none of these animals showed any evidence of BBB breakdown (Fig. S3) .
VCAM-1 Expression in Human Brain Metastasis Tissue. Strong endothelial VCAM-1 staining was confirmed in a control brain sample with nonspecific inflammation (Fig. 5A) , whereas immunoreactivity was barely visible in control brains (Fig. 5B) . The majority of the tumor samples studied were from fully established metastases of surgical material, where diagnosis had been confirmed by CT or contrast-enhanced MRI. VCAM-1 was variably expressed on the endothelial cells of solid metastases (Fig. 5 C-E) , and expression was strongest when the metastases elicited a marked inflammatory response (Fig. 5E) . One metastasis also showed strong staining of the tumor cell membranes (Fig. 5D) . Although it is difficult to obtain tissue from early-stage brain metastases, because these metastases cannot be diagnosed, we were able to find a few such samples. The best cases were those cases with carcinomatous meningitis, where individual cell clusters that were invading the brain parenchyma along perivascular spaces could be identified. Importantly, in these samples, strong VCAM-1 expression was found in vessels adjacent to micrometastases consisting of just a monolayer of perivascular cells or small perivascular cell clusters (Fig. 5 F and G) . Vessels remote from the metastatic deposit in the same section showed no significant immunoreactivity.
Discussion
In this study, we have shown close association of brain metastases with the vasculature over the early stages of development. Acute activation of the vascular endothelium within and around the tumors was also evident from an early time point with marked VCAM-1 expression. We have shown that, through the use of a targeted contrast agent that binds to VCAM-1, it is possible to detect metastases in the brain using MRI substantially earlier than is possible with the clinically used approach of passive gadolinium enhancement. Expression of VCAM-1 and VCAM-MPIO binding increased rapidly with tumor growth, indicating sensitivity to disease progression. We have also shown that there is increased expression of VCAM-1 on the vascular endothelium within and around metastases in human brain tissue and even in vessels associated with only a monolayer of perivascular tumor cell. Thus, we believe that this approach may provide a highly sensitive method for the early detection of brain metastases clinically.
VCAM-1 Up-Regulation in Murine Models of Brain Metastasis. The ability of cells to metastasize from a primary tumor to a distant site requires several properties, of which one is the capacity to adhere to the endothelium in specific vascular beds. Although it has been suggested that tumor cells may exploit the same mechanisms used by leukocytes for adhesion to and extravasations across the vascular endothelium (26) , it remains unclear which specific ligands are responsible for this process. In a melanoma model, both blockade and inhibition of VCAM-1 have been shown to significantly reduce liver metastasis (16, 27) . Similarly, disruption of the interaction between very late antigen-4, the natural ligand to VCAM-1, on tumor cells and endothelial VCAM-1 reduces both adhesion of metastatic renal cell cancer cells to endothelial cells in vitro (28) and incidence of lung metastases in vivo (29) . Moreover, several human tumor cell lines that metastasize to the lung show greater expression of very late antigen-4 than nonmetastatic lines (30) . Thus, it has been suggested that adhesion molecules, including VCAM-1, play an important role in both initiating adhesion events in metastasis and facilitating colony progression (31) . Despite the above findings, very little data exists with respect to the up-regulation of adhesion molecules in brain metastasis. In one study, up-regulation of VCAM-1 was found in the brains of mice with heavy pulmonary metastasis burden, and 25% of these mice had evidence of brain metastases (32). . In all cases, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
However, colocalization of VCAM-1 expression with brain metastases was not shown, and it was not possible to conclude from that study whether brain VCAM-1 up-regulation was a result of the systemic disease burden and increased circulating cytokine levels or brain metastases per se. Here, we have shown that there is acute up-regulation of VCAM-1 on the cerebral vasculature in association with brain metastases and that this expression increases with tumor colony expansion. These data suggest that VCAM-1 may play a role in the establishment and progression of brain metastases.
VCAM-1-Targeted MRI Detection of Brain Metastases. We have shown that the use of VCAM-MPIO in conjunction with MRI enables detection of brain metastases early in their development. The increase in binding of VCAM-MPIO observed with tumor colony expansion in the 4T1 model indicates the responsiveness of this biomarker to disease progression, whereas the detection of tumors as early as day 5 indicates sensitivity to even very small micrometastases. At all time points studied in the 4T1 model, no evidence of post-Gd-DTPA contrast enhancement was evident on T1-weighted images, which is the current clinical gold standard for brain metastasis detection. Other studies of brain metastasis models in mice have indicated that breakdown of the BBB does not occur until tumors are >500 μm in diameter, which is considerably larger than those tumors found at any time point studied here (maximum diameter of ∼100 μm). The current limit of detection clinically for brain metastases is 2-5 mm when the BBB becomes permeable (33), although they are more typically detected between 5 mm and 1 cm in diameter (34) . In the 4T1-injected mice, the average MRI-detectable tumor observed at day 10 comprised ∼1 × 10 3 cells, which is approximately four orders of magnitude smaller than the approximate size, 1 × 10 7 cells, of a 2-mm diameter metastasis in human brain. It should be noted that the spatial resolution achievable in mice is considerably higher than the resolution that is possible clinically, and as voxel sizes increase, the number of VCAM-MPIO per voxel must be higher to induce a detectable contrast change. We have estimated, based on the detection limits observed in the current study and common clinical resolutions at 3 T, that metastases of the order of 300-650 μm in diameter (∼0.3-3 × 10 5 cells) should be detectable clinically (SI Text 1). We have also measured the attainable signal to noise on a 3-T human scanner at 1 mm isotropic resolution and a scan time of 9.5 min, and we have shown that it is sufficient to observe the estimated signal change (SI Text 1 and Fig. S4 ). These estimates indicate that, at the resolution limits permitted by clinical MRI scanners, brain metastases will still be detectable considerably earlier using VCAM-targeted MRI than is currently possible. With the advent of higher-field human scanners (7 T) and more sensitive susceptibility-weighted imaging and steady-state free precession sequences, this detection sensitivity should improve further (35, 36) .
Although not all tumors seemed to be colocalized with either MRI-detectable hypointensities or detectable VCAM-1 expression, in both cases, this colocalization increased with increasing tumor volume. It is likely that some, at least, of these apparent false negatives arise from difficulties in coregistering two modalities with very different spatial resolution. Thus, although an estimate only, these numbers indicate that, as the metastases grow, they become more readily detectable. As might be expected, quantitatively, the VCAM-MPIO volumes of hypointensity correlated more closely with tumor area than number, reflecting greater endothelial activation with tumor expansion. Moreover, below the average tumor size at day 10 ( Fig. 3D) , considerably fewer tumors were VCAM-1-positive, suggesting that the metastases must reach a certain size or stage of development to induce sufficient VCAM-1 for effective VCAM-MPIO binding. Shapiro et al. (37) have previously shown that, at similar resolutions to this study, single 1-μm MPIO are readily detectable. Extrapolating from that study, tumors in which one or more VCAM-MPIO had bound are likely to have been detectable here.
Interestingly, the findings from the anomalous MDA231BR-injected mouse showing a single area of Gd-DTPA enhancement indicate that, even when clinical symptoms and Gd-detectable metastases become apparent, the VCAM-MPIO approach reveals additional tumor burden that remains undetectable by conventional means. Thus, even at later stages, VCAM-targeted MRI is likely to provide a more accurate measure of tumor burden than current methods. The disproportionate increase in VCAM-1 expression (VCAM-MPIO binding) compared with tumor growth between days 10 and 13 may reflect, in part, a greater spatial spread of VCAM-1 expression through cascading activation of the vascular endothelium. Such spreading endothelial activation may also explain the occasional observation of apparently nontumorrelated VCAM-1 expression. At the same time, it has been shown in vitro that leukocytes binding to the endothelium can induce the formation of transmigratory cups on endothelial cells comprised of numerous vertical microvilli-like projections rich in VCAM-1 (38) . Thus, the greater binding of VCAM-MPIO at day 13 may also reflect an increase in VCAM-1 expression and presentation on endothelial cells owing to leukocyte and/or tumor cell binding.
The low background or nonspecific MPIO binding in the control groups indicates both the high specificity of the VCAM-MPIO for VCAM-1 expression, as previously shown (19) , and the lack of constitutive VCAM-1 expression in normal cerebral vasculature. This latter finding is in accord with our previous findings and suggests that up-regulation of VCAM-1 is a consequence rather than an initiating event for the development of brain metastases. Furthermore, the low background signal observed in the control groups illustrates one of the major advantages of the micrometer-sized iron oxide particles used here: their very rapid clearance from the circulation, which enables detection of specific binding contrast rapidly after contrast agent injection. Importantly, at clinical imaging resolutions, these nonspecific hypointensities will be undetectable (SI Text 1), and thus, the false-positive rate from nonspecific MPIO retention should be zero clinically.
Relevance to Human Brain Metastasis. Up-regulation of VCAM-1 expression was evident in all of the samples of human brain tissue containing metastases that were studied, with no evidence of significant constitutive expression in control brain tissue. The degree of VCAM-1 expression seemed to be greater when an overt inflammatory response was evident. Importantly, as for the murine models, VCAM-1 up-regulation also seems to occur early in human brain metastasis, with expression being evident in vessels associated with just a monolayer of perivascular tumor cells. These data strongly support the application of our VCAM-MPIO approach as a diagnostic tool for the early detection of brain metastases in man.
The MPIO used in this proof of concept study were nonbiodegradable and are not suitable for use in humans. However, iron oxide-containing contrast media are in clinical use (39, 40) , and both we and others (41) are developing micrometer-sized biodegradable particles. Smaller iron oxide particles, such as superparamagnetic particles of iron oxide (SPIO) and ultrasmall SPIO (USPIO), cannot be used for this application owing, in part, to their long half-life (42) , which precludes rapid molecular imaging of target-specific binding because of high background levels. At the same time, considerably greater numbers of USPIO/SPIO are required to achieve the same contrast effect as for MPIO because of the markedly lower iron content and greatly reduced targeting valency of each particle [USPIO = 2.4-24 antibodies per particle (43) vs. VCAM-MPIO ∼ 25,000 antibodies per particle]. To date, no adverse events with the nonbiodegradable VCAM-MPIO have been observed in mice over 72 h after administration, and we have previously reported that, at both 30 min and 24 h after administration, antibody-conjugated 1-μm MPIO accumulate predominantly in the spleen and liver (24, 44) . We have now also assessed the possibility of systemic macrophage activation at the molecular level as a consequence of VCAM-MPIO administration, and we have found that an antiinflammatory rather than proinflammatory phenotype is induced in the liver (SI Text 2 and Fig. S5) .
One potential issue with the VCAM-MPIO/MRI approach is that nontumor-associated inflammation could lead to false positives. However, several factors would minimize the likelihood of this finding, including (i) screening of only the subset of patients at risk for brain metastasis and (ii) the spatial information inherent in MRI data-clinically, brain metastases are most commonly located at the gray-white matter junction and terminal watershed zones of the cerebral hemispheres, whereas nonspecific inflammation is likely to be more widespread; also, the archetypal inflammatory disease of the brain, multiple sclerosis, commonly presents within the white matter tracts, cerebellum, and brainstem. Moreover, the current clinical diagnostic test for brain metastases, passive gadolinium-based contrast enhancement, is not specific to brain metastasis and as shown here, is considerably less sensitive than VCAM-targeted MRI with respect to both early detection and evaluation of full tumor burden.
Brain metastasis remains a challenging clinical problem. As our ability to detect and treat primary and systemic metastatic disease improves, effective treatment of brain metastases is becoming increasingly urgent. Earlier detection is likely to yield substantial gains for both the application of current therapies and the development of new metastasis-inhibiting agents. Most potential therapies fail to show their efficacy endpoints in phase III trials or earlier, in part owing to the late stage of tumor diagnosis. Earlier diagnosis through the use of this VCAM-1-targeted MRI approach could open a window of therapeutic opportunity that currently does not exist in brain metastasis and guide decisions on treatment options. Moreover, more sensitive monitoring of disease burden may be beneficial in the assessment of new therapies and allow earlier decisions to be made on efficacy.
Methods
Experimental Models. Seven-to eight-week-old female BALB/c mice (n = 19) were anesthetized with 2-3% isoflurane in O 2 and injected in the left ventricle of the heart with 1 × 10 5 4T1 (metastatic murine mammary carcinoma) (45) cells in 100 μL PBS. Mice were recovered from anesthesia and underwent MRI at day 5, 10, or 13 after 4T1 cell injection. Seven-to eight-week-old female SCID mice (n = 4) were anesthetized and injected intracardially as above with 1 × 10 5 MDA231BR (subclone of metastatic human breast carcinoma that preferentially metastasizes to the brain) (46) cells in 100 μL PBS. Mice underwent MRI 21 d after intracardiac injection, because these tumors are slower-growing than the 4T1 metastases. All experiments were approved by the UK Home Office.
